One of the most important factors influencing ball bearings service life is its internal radial clearance. However, this parameter is also very complex because it de
Introduction
Rolling bearings are indisputably one of the most widely used machine elements. Nowadays they are built in almost all machines with rotary parts. According to [1] in the year of 2011 th , there were already over 150000 different types of rolling bearings were used worldwide. Among them, the largest number refers to the radial ball bearings, usually consisted of inner and outer ring, balls (rolling elements), and cage.
Taking into account previously listed facts, it is clear that any improvement of radial ball bearings reliability and efficiency inevitably leads to significant savings, both financial and energetic.
Theoretical and experimental background
Relations between grease contamination level and operating parameters of the radial ball bearings are rather complex. The damage of the contact surfaces caused by contamination particles induces the bearing's radial clearance change. Also, load distribution between balls and rings of the contaminated rolling bearing is disturbed, which also affects the bearings heat generation as well as bearings vibrations intensity level [2, 3] . Furthermore, level of damage of the bearings contact surfaces depends on the hardness of the ductile contamination particles and the toughness of the brittle contamination particles, because they could be either deformed or fractured when they enter the zone between balls and rings of the contaminated bearing [4] .
Ball bearings internal radial clearance could be divided into four different types (fig. 1 [5] ): (1) theoretical internal clearance -radial internal clearance which equals measured clearance minus the elastic deformation caused by the measuring load, (2) residual internal clearance -clearance left in a bearing after mounting on a shaft and in a housing. The elastic deformation caused by the mass of the shaft etc. is usually fully neglected, (3) effective internal clearance -radial clearance that exists in a bearing at its operating temperature (the elastic deformation caused by load is not included), and (4) operating clearance -actual clearance when a rolling bearing is installed and running under a load. It includes effect of elastic deformation as well as fitting and temperature. Generally the operating clearance is not used in calculations.
As described by Harris [6] and presented by Ricci [7] , the increase in d i due a press fitting between a bearing inner ring and a shaft of diameter d 2 is calculated: 
Following the same principle, the decrease in d o due a press fitting between a bearing outer ring and a housing hole diameter d 1 could be calculated according to: 
If bearings outer and inner rings are, respectively, at temperatures T o and T i , and environment temperature is marked with T a , then the radial clearance increasement due to thermal expansion is:
Last equation is valid only if both bearings rings are made from the same materialwhich is the most common case. If housing and shaft material is not the same as bearings, eq. (4) equals:
Finally, total reduction of bearings internal radial clearance after mounting could be calculated:
It is important to mention that in following chapters, only eq. (3) is relevant as it will be complemented by appropriate expressions for T i and T o -generated by experimental data processing and analysis. Namely, progress in science nowadays allows very precise recording of temperature distribution on wide spectrum of objects surfaces using thermal imaging digital cameras. Rolling bearings are not exception. It could be even claimed that thermographic inspection rapidly becomes standardised methodology for rolling bearings condition monitoring [8] . However, except for monitoring purposes, mentioned methodology could be used for scientific researches in unexplored areas of bearings thermal behaviour. For example, Seo et al. [9] used thermographic inspection to observe rolling bearings surface temperature change in different lubricating conditions (normal condition, lubricating oil loss condition, and spalling) with variable rotational speeds of 1000 rpm, 2000 rpm, and 3000 rpm. As a test samples, they have used 6004, 6204, and 6304 radial ball bearings.
Also, available comercial softwares for finite element method are often used for simulation of heat generation and transfer in rolling bearings. Example of such a research is presented by Kushwaha et al. [10] . They have modeled typical radial ball bearing (type: 7206) and its environment in order to simulate the maximum temperature in the bearing as a function of time with the rotational speed as a variable parameter (1000, 2000, 3000, and 5000 rpm). The main goal of their research was to determine how fast the temperature changes in the bearing system and if a given maximum temperature (e. g. maximum temperature of the lubricant or bearing metal) is reached. The simulation showed that the higher the rotational speed is, the faster the system reaches a steady-state.
Despite overall accessibility of wide range of different models of thermal imaging cameras, produced by many different manufacturers, analysis of the available literature have shown that so far thermographic inspection was not used in researches dealing with the rolling bearings contaminated by solid particles. However, other methodologies for temperature measurement (such as thermocouple probes) were usedas in research performed by Kahlman and Hutchings [11] . They have tested hybrid rolling bearings, artificially contaminated by two types of contaminant particles: titania (TiO 2 ; anatase), a relatively soft oxide with a small particle size (4 µm, mainly <1 µm); and silica (SiO 2 ; a-quartz), a harder material with a larger particle size (75-103 µm). During the experimental testing rotational speed of tested rolling bearings was approximately 2060 rpm and some of the gained results are shown on fig. 2 . Inspired by described researches, authors of this paper have designed and performed appropriate ball bearings experimental testing, which includes thermographic inspection as well as usage of a custom made test rig.
Experimental set-up
In this particular experimental research, working conditions of conveyor idler bearings from open pit coal mines were simulated but presented basic principles and presumptions are universal so they can be conditionally applied on any kind of rotating machinery working in hostile environments, where high concentration of debris particles is dominant, such as one described by Tasi} et al. [12] .
Starting assumptions
-Only the conditions of the conveyor garlands middle idler are simulated and aggravated by increased radial load and rotational speed -thus, axial loads are fully neglected and it is presumed that middle idler take 70% of total load due to weight of belt and transported material. -In case of coal transportation, where transported material is lignite (density: 1.3 t/m 3 ) and weight of 1 m of rubber belt is approximately 33 kg, radial load acting on the middle conveyor idler equals 3.875 kN. If radial load due to conveyor idlers rotational parts mass is added (0.165 kN, obtained by standard 3-D modelling software), it is calculated that exploitational radial load acting on each of the two conveyor idlers bearings in described conditions equals~2.0 kN. However, in order to accelerate the bearings contact surface [11] damage during the experimental testing, radial load applied on tested rolling bearings was 4.6 kN.
-When the conveyor belt speed is 5 m/s, 159 mm conveyor idlers rotational speed equals approximately 600 rpm. Similar to the experimental radial load, in order to accelerate the damage of the tested conveyor idler bearings, applied experimental rotational speed (1140irpm) was two times larger than exploitational, which leads to the conclusion that acceleration of the performed experiments was~22.7. This means that 1 hour of bearings work in experimental conditions corresponds to 22.7 hours. of its work in exploitation -without contamination particles present; -It is considered that mass of grease in the conveyor idlers bearings does not decrease during the exploitation and that contamination particles coming from the environment to the internal areas of the bearings are evenly distributed in their grease. -All thermal resistances in heat transfer between inner and outer bearings raceways and its rings surfaces are neglected (sample bearings are made from good heat conductor -steel).
Ball bearings and grease test samples
Basic characteristics of 6310-2Z/C3 radial ball bearings, chosen for experimental testing because they are the most common bearings mounted in conveyor idlers with outer diameters of 159 mm, are presented in tab. 1. Masses of all test samples (70 in total) were measured and after ultrasonic cleaning measured again in order to determine the average weight of grease inside them (the result was 9.3 g). Among those samples, six were selected for further testing because their internal radial clearance was the same -30 mm (measured by accredited laboratory of Faculty of Mechanical Engineering, University of Belgrade). Selected bearings were then regreased with pre-contaminated grease, prepared for thermographic inspection by painting of their inner and outer rings with black paint (emissivity ei=i0.93) and exposed to the previously determined experimental radial load and rotational speed.
Because of its high endurance, the SKF LGWA 2 grease was chosen for pre-contamination. Characteristics of that grease are presented in tab. 2. In total, three grease samples were prepared: (1) clean grease (in packages of 9.3 g), (2) grease with 10,75% of contaminant particles (in packages of 9.3 g of clean grease + 1 g of contamination particles), and (3) grease with 21.5% of contaminant particles (in packages of 9.3 g of clean grease + 2 g of contamination particles). 
Experimental contamination particles
First step in preparation of the contamination particles relevant for planned experiments was to analyse structure and size of particles present on open pit coal mines: surface dust, excavation dirt and coal dust.
After that, fifteen failed idlers were taken from the open pit coal mine conveyor and disassembled. Contamination particles from their bearings were then extracted, analysed and compared with the previous results, pointing out that typical cause of conveyor idler bearings failure was the excavation dirt, shown on fig. 3 (not the surface dust, as expected), mostly consisted of different kinds of quartz and fematite and magnetite.
At last, artificial bearing contaminant was prepared by excavation dirt sieving with appropriate mechanical screen (screen mesh size was smaller than 120 mm -in accordance with simmilar researches performed by other authors [10] ).
Testing equipment
For applying of the predefined radial load and rotational speed on tested radial ball bearings the custom made test rig was used, fig. 4(a) . It order to perform planned thermographic measurements test rig was reconstructed in a way that will provide optical visibility of tested bearings inner and outer rings, fig. 4(b) . Also, one of advantages of reconstructed test rig was its ability to provide accurate testing of two rolling bearings at the same time. Rolling bearings rings surface temperature distribution was recorded using advanced digital thermal camera IRC57 InfraCAM SD, manufactured by FLIR Co., USA, with temperature measurement range of 10-350°C, and ±2% accuracy [14] . Example of obtained thermal images is shown on fig. 5 .
Testing procedure
All six selected samples (6310-2Z/C3 ball bearings with internal radial clearance of 30imm) were tested in pairs on described test rig, in controlled environmental conditions (ambient temperature:~20°C), according to the following procedure: (1) first pair of samples was greased by 9.3 g of clean grease (per sample), (2) second pair of samples was greased by 9.3 g of grease contaminated by 1 g of prepared particles (per sample), (3) third pair of samples was greased by 9.3 g of grease contaminated by 2 g of prepared particles (per sample), (4) first pair of samples was mounted on the test rig and exposed to radial load of 4.6 kN and rotational speed of 1140 rpm, (5) every ten minutes surface temperature field of sample bearings was recorded, (6) after 10 hours of testing experiment was finished and sample bearings were dismounted from the test rig, (7) second pair of samples was mounted on the test rig and exposed to radial load of 4.6 kN and rotational speed of 1140 rpm, (8) every ten minutes surface temperature field of sample bearings was recorded, (9) after 10 hours of testing experiment was finished and sample bearings were dismounted from the test rig, (10) third pair of samples was mounted on the test rig and exposed to radial load of 4.6 kN and rotational speed of 1140 rpm, (11) every ten minutes surface temperature field of sample bearings was recorded, and (12) after 10 hours of testing experiment was finished and sample bearings were dismounted from the test rig.
Experimental results
As it is not clearly defined in eq. (3) whether T i and T o are average or maximal temperatures of bearings inner and outer rings, it is adopted that for further analysis only the highest measured temperatures are relevant, because they are located closest to the bearings rings contacts with rolling elements -exactly where internal radial clearance is measured. Those temperatures are obtained by thermal images analysis (in total, 378 thermal images), performed in publicly available licence free software FLIR quickreport version 1.2 SP2, as in example presented in fig. 6 .
Graphical presentation of measured inner and outer bearings rings surface temperatures change in time is shown on figs. 7(a) and 7(b), respectively. Using software for statistical analysis and data interpolation, over 250 different interpolation models were implemented on measured experimental values, and the most relevant regarding to its statistical significance (both for bearings inner and outer rings temperatures) was: It is also important to mention that coefficients of multiple determination (R 2 ) for obtained correlations equals 0.696 and 0.755 (for T i and T o , respectively), which are the highest gained values for all tested interpolation models. 
